A novel differentially driven dual-polarized dual-wideband complementary patch antenna with high isolation is proposed for 2G/3G/LTE applications. In order to generate dual-polarization and dual-wideband properties, a pair of biorthogonal dual-layer -shaped tapered line feeding structures is utilized to feed two pairs of dual-layer U-shaped patches, respectively. The upper-layer U-shaped patches mainly serve the upper frequency band, while the lower-layer ones chiefly work for the lower frequency band. Besides, a horned reflector is introduced to improve radiation patterns and provide stable gain. The prototype antenna can achieve a bandwidth of 25.7% (0.78 GHz-1.01 GHz) with a stable gain of 7.8 ± 0.7 dBi for the lower band, and a bandwidth of 45.7% (1.69 GHz-2.69 GHz) with a gain of 9.5 ± 1.1 dBi for the upper band. Input isolation exceeding 30 dB has been obtained in the wide bandwidth. Thus, it can be potentially used as a base station antenna for 2G/3G/LTE networks.
Introduction
In recent years, dual-polarized antenna has become one of the favourite choices of antenna designers due to its attractive features, such as doubled capacity of communication systems by frequency reuse, reduced multipath fading of received signals by polarization diversity, and improved transmit-receive isolation. In order to improve isolation and broaden impedance bandwidth, many designs of dual-polarized antennas have been reported [1] [2] [3] [4] [5] [6] [7] . With the help of dielectric-loaded monopole [1] , port isolation better than 20 dB and a bandwidth greater than 12% have been acquired. Then, by using L-shaped probe cooperating with cross slots [2] [3] [4] , input isolation exceeding 25 dB and impedance bandwidth of over 20% have been obtained. After that, by means of the proximity coupling or multilayer dielectric plate collaborated with orthogonal slots [5, 6] , isolation more than 34 dB and a bandwidth of over 22% have been achieved. Recently, with differentially driven inverted U-shaped feeding structure [7] , port isolation better than 36 dB and a bandwidth greater than 62% have been attained.
On the other hand, in the past few years, Prof. Luk and his team have developed a novel kind of magnetoelectric (ME) dipole antenna [3, [7] [8] [9] [10] , which can meet the high requirements of wideband mobile communications due to its excellent electrical characteristics, such as low crosspolarization, low back-lobe radiation, stable gain across the operating band, and nearly identical -and -plane patterns. In order to further satisfy the needs of 2G/3G/LTE communication networks, recently, dual-wideband ME dipole antennas, which have the advantages such as reduced numbers of antennas and minimized installation area, have been presented in [11, 12] .
However, there are few researches on differentially driven dual-polarized ME dipole antenna [7] . The antenna proposed in [7] cannot cover the 2G/3G/LTE frequency band. In addition, it is not a dual-wideband antenna. Hence, a differentially driven dual-polarized dual-wideband ME dipole antenna, which possesses all the advantages as mentioned above, is highly desirable.
In this paper, a differentially driven dual-polarized dualwideband ME dipole antenna (complementary antenna) with 2 International Journal of Antennas and Propagation a biorthogonal feeding structure is proposed. To the best of our knowledge, the proposed antenna is the first differentially driven dual-polarized dual-wideband ME dipole antenna. With the novel dual-layer structure (including dual-layer electric dipoles, biorthogonal dual-layer feeding structure, and horned reflector), good performance in terms of dualwideband impedance bandwidth, stable and high gain, stable unidirectional radiation, and high front-to-back ratio can be realized. Besides, owing to nearly symmetrical dualpolarization structure and excitation, good performance in cross-polarization radiation and high isolation can be attained. Moreover, compared with the conventional singleport excited ME dipole antenna [8, [10] [11] [12] [13] , the proposed antenna can be conveniently used in differential microwave circuits. Finally, the proposed antenna, which is completely made of copper patches without dielectric loading, can be easily fabricated at relatively low cost and thus it is practicable for 2G/3G/LTE applications. In order to analyse the antenna structure effectively, we simply study itsparameters formula and operating principle to guide the design. Measurements and simulations are then performed to verify the design.
Antenna Description and Design Geometry
Basically, the proposed antenna consists of two pairs of double-layer U-shaped electric dipoles with apertures, two pairs of shorted walls, a pair of biorthogonal dual-layer -shaped feeding structures and a horned reflector. The dimensions of the antenna are 206 × 166 × 88 mm 3 . Besides, the thickness of the copper patches is selected for 0.3 mm after taking the versatility and cost into consideration.
Dual-Layer U-Shaped Magnetoelectric Dipole Geometry.
The geometry of the proposed antenna is shown in Figure 1 . From the top view, it is easily seen that an upper-layer Ushaped patch comprises an isosceles trapezoid ( 4 × 6 × 8 ) and a pair of rectangles ( 3 × 3 ), while a lower-layer Ushaped patch consists of an isosceles trapezoid ( 2 × 6 × 7 ) and three rectangles (two smaller rectangles' dimensions are 1 × 1 , while the larger one's dimensions are 2 × 2 ). There is a rectangular aperture ( 5 × 4 ) in each isosceles trapezoid, which can change the current distribution and is equivalent to a radiation element. The U-shaped notches are designed to broaden impedance bandwidth since they can increase the effective electrical length. As shown in the 3D view and side view, the upper-layer and the lower-layer U-shaped patches are joined by upper vertical folded rectangular patches ( 2 × (2× 8 + 6 )). The lower-layer U-shaped patches mainly serve the lower frequency band, while the upper-layer ones chiefly work for the upper frequency band. All of them consist of the double-layer electric dipoles. The lower-layer U-shaped patches are also connected to ground plane through a pair of vertical folded rectangular patches ( 1 ×(2× 7 + 6 )), which are separated by a gap of 24 mm ( 2 ). The upper-and lowerlayer vertical folded rectangular patches constitute shorted walls. A pair of parallel vertical shorted walls and the portion of the ground plane between them form a magneto dipole, which is equivalent to a parallel resonant capacitor. A pair of parallel electric dipoles and the magneto dipole jointly make up a ME dipole which is set in the center of a horn-shaped reflector. As shown in the 3D view, a pair of b-orthogonal ME dipoles form a basic dual-polarized antenna. Excellent complementary electrical characteristics and dual-polarized features can be achieved via mutual coordination between them.
Biorthogonal Dual-Layer -Shaped Tapered Line Feeding
Structure. In order to excite the antenna to achieve good impedance matching and high isolation simultaneously, a novel biorthogonal dual-layer -shaped tapered line feeding structure is introduced. As shown in Figures 1(c) and 1(d) , the upper-layer -shaped feeding structure is designed to feed the upper-layer U-shaped electric dipole patches, while the lower-layer -shaped feeding structure is utilized to feed the lower-layer U-shaped electric dipole patches. In addition, dual-layer -shaped tapered-line feeding structure can easily attain good impedance matching, since tapered line can simply provide more degree of freedom for impedance matching in comparison with [14] . In fact, each -shaped feeding structure includes a transmission line and a coupling strip. Each tapered line transmission line separates 1-mm ( 1 ) from one of the nearest vertical shorted wall patches. To feed the antenna with differential signals, they are vertically placed to the ground plane and the bottom ends are connected to SMA connectors underneath the ground plane, respectively. As shown in Figure 1(d) , the end of the upper double -shaped feeding structure is connected to port 1, while the lower one is connected to port 2. Each lower-layer coupling strip consists of a horizontal rectangular patch ( 7 × 12 ) and a vertical isosceles-trapezoid patch ( 9 × 5 × 4 or 10 × 5 × 8 ), the bottom of which is wider than the top. Similarly, each upper-layer coupling strip consists of a horizontal rectangular patch ( 11 × 5 ) and a vertical rectangular patch ( 5 × 9 ). The horizontal portions couple electrical energy to the antenna, while the vertical portions work together with one of the nearest vertical shorted wall patches to compensate the inductance caused by the horizontal portions, respectively. The length of horizontal portion of coupling strips ( 11 ) and the distances ( 11 , 12 ) between them not only can affect the impedance matching but also have an obvious influence on antenna port isolation.
Horn-Shaped Reflector. Figures 1(a) and 1(c)
show the geometry of the proposed horned reflector. Both the upper surface and lower surface are squares, whose dimensions are 206 × 206 mm 2 ( × ) and 166 × 166 mm 2 ( × ), respectively. The distance between them is 64 mm ( ). Instead of a conventional planar ground plane, the horned reflector is specially designed to improve the gain and radiation patterns.
The detailed dimensions for the antenna are summarized in Table 1 .
Theory and Parametric Study

Theory of Differential-Driven Dual-Polarized ME Dipole
Antenna. According to [7] and our nearly symmetrical design, the differential reflection coefficients of differential ports 1 and 2 ( 11 and 22 ) can be regarded as
The coupling coefficients of differential signal from differential ports 1 to 2 ( 12 ) and ports 2 to 1 ( 21 ) can be expressed as
They can also be defined as antenna port isolation parameters. The impedance bandwidth of the proposed differentiallydriven dual-polarized antenna is defined as a range of frequencies over which the differential reflection coefficients for both 11 and 22 are less than −10 dB ( 11 ⩽ −10 dB,
On the other hand, based on [10] , the far-field electric fields in the -and -planes of a ME dipole antenna are the same and are expressed as
and the radiation pattern can be expressed as
The back radiation can be cancelled as = 180 ∘ and ( ) = 0, while the front radiation can be enhanced as = 0 ∘ and ( ) = 1. Besides, due to the complementary characteristics [15] , the relationship between electromagnetic and magnetic fields can be described as → = − → .
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International Journal of Antennas and Propagation That is to say, good complementary radiation pattern can be achieved since electric dipole and magnetic dipole are equivalent to working in turn. In our design, the dual-layer U-shaped electric dipole and portion of the magnetic dipole are orthogonal. They collaborate with each other to provide complementary radiation patterns.
Parametric Study.
To observe how the dimensions of the antenna affect the performances, a parametric study is carried out by electromagnetic simulation software, IE3D [16] . Throughout the course of the study, the metallic layers are set to 0.3 mm thickness for practical applications. When one parameter is studied, the others are constant. To obtain stable gain, excellent impedance matching, and high port isolation, some important parameters of the dual-layer U-shaped electric dipoles, biorthogonal dual-layer -shaped tapered line feeding structure and horned reflector are selected for study.
Effect of Dual-Layer U-Shaped Electric Dipoles.
To reveal the impact of the U-shaped electric dipoles with apertures, the electric dipoles in different shapes are investigated while keeping the width of 2 = 18 mm constant. The length of 1 at 0 mm with apertures (rectangular electric dipoles with apertures), 23 mm with apertures (U-shaped electric dipoles with apertures), and 23 mm without apertures (rectangular electric dipoles without apertures) is compared in the aspects of SWR and peak gain. As is shown in Figure 2 , at the lower frequency band, the SWR of the rectangular electric dipoles rises sharply and the gain drops correspondingly, while the other has no obvious fluctuation. Besides, at the two ends of the upper frequency band, the gain of the proposed antenna is more stable than the other with changes in the range of 2 dBi. In the other part of the upper frequency band, the SWRs and the gains of the proposed antenna keep stable. This is because the U-shaped electric dipoles with apertures are better in impedance matching and radiation patterns. Hence, the proposed electric dipoles can broaden the impedance bandwidth significantly and keep gain stable.
In addition, to depict the working mechanism of the double-layer U-shaped electric dipoles with apertures, the simulations of surface current distributions at 0.9 GHz, 1.8 GHz, and 2.6 GHz are carried out, as is shown in Figure 3 .
It is clearly seen that the current distribution at 0.9 GHz demonstrates much stronger currents around the lower-layer electric dipoles than the upper-layer ones. However, the current distributions on the upper-layer electric dipoles are significantly enhanced as the frequency increases. In other words, the lower-layer electric dipoles mainly serve the lower frequency band, while the upper-layer electric dipoles chiefly work for the upper frequency band. Moreover, the current intensity around the apertures and the U-shaped notches etched in the electric dipoles is greater than the ones in other places and hence are equivalent to radiation elements. That is to say, the apertures and the U-shaped notches can increase the impedance bandwidth without increasing the patch area.
Effect of Biorthogonal Dual-Layer -Shaped Tapered
Line Feeding Structure. As mentioned above, in reality, the dual-layer -shaped feeding strip can be divided into two parts: the transmission line and the coupling strip. In our design, the coupling strip is a critical part to impedance bandwidth and port isolation of the antenna.
In order to reveal the impact of the horizontal portion of the strip, we firstly study the length of 9 keeping its width constant for good performance. It can be found that theparameters are very sensitive to the length. As is shown in Figure 4 , for the lower frequency band, a longer 9 produces a wider bandwidth. However, both shorter and longer 9 bring larger fluctuations in port isolation. For the upper frequency band, the change in port isolation is similar to the lower frequency band, while there is no obvious change in impedance bandwidth. On the contrary, the port isolation is more stable and below −32 dB when 9 is equal to 20 mm across the frequency range. Therefore, the length 9 = 20 mm is selected for the wide bandwidth and stable isolation.
The distance 11 between the two orthogonal horizontal portions of coupling strip is also investigated on impedance bandwidth and port isolation aspects. As is shown in Figure 5 , at the lower frequency band, a shorter 11 brings wider impedance bandwidth and more stable port isolation. At the upper frequency band, a shorter 11 brings wider impedance bandwidth, while there is no marked change in port isolation. Hence, 11 = 1 mm is chosen for wide bandwidth and stable port isolation. In brief, the horizontal portion of coupling strip is significant for impedance bandwidth and port isolation. Figure 6 shows the effects on simulated peak gains and SWRs under the conditions of adopting a horned reflector, a box-shaped reflector, or a planar plane reflector. Among them, the fence heights ( ) of the box-shaped and horned reflectors are the same. It can be easily observed that, with a horned reflector, the gain is more stable and the bandwidth is much wider than the other. In addition, with a planar reflector, the gain is the lowest. As is shown in Figure 7 , in comparison with radiation patterns, the proposed antenna with a horned reflector or with a box reflector has lower cross-polarization than the one with a planar reflector at lower frequency band. Besides, the front-to-back ratio of the proposed antenna with horned reflector or with a box reflector is higher than the others. This is because adopting the horned reflector or box reflector is more effective in keeping the radiation main beam unidirectional at lower frequency band. To sum up, it is an effective way to improve broadside gain and unidirectionality with the proposed horned reflector.
Effect of Horned Reflector.
Experimental Results
To verify the proposed design, an antenna prototype according to the dimensions summarized in Table 1 was constructed, as is shown in Figure 8 . Measured results of port isolation, SWR, antenna gain, and radiation patterns were obtained by Agilent E5071C network analyzer and SATIMO antenna measurement system.
Isolation, SWR, and Gain
Port Isolation.
The simulated isolation and measured isolation between the input ports of lower and upper frequency bands are shown in Figure 9 . It shows general agreement between them. It is easily observed that the measured input port isolation of better than 30 dB can be attained across the two frequency bands. In reality, port isolation of dual-band antenna greater than 28 dB is required to prevent the performance of a frequency band from being interfered by the other one. Thus, the port isolation of the proposed antenna can meet the requirements of multiple frequency communication system. Figures 10 and 11 show the SWRs and gains of port 1 and port 2, respectively. It is easily observed that there is a slight difference between port 1 and port 2 in the operating frequency range. For port 1, the measured impedance bandwidth ranges from 0.78 to 1.02 GHz at the lower frequency band, while the measured impedance bandwidth ranges from 1.69 to 2.72 GHz (SWR ≤ 2) at the upper frequency band. For port 2, the measured impedance bandwidth ranges from 0.75 to 1.01 GHz at the lower frequency band, while the measured impedance bandwidth ranges from 1.67 to 2.69 GHz (SWR ≤ 2) at the upper frequency band. That is to say, the effective impedance bandwidth of the dual-polarized antenna is 25.7% ranging from 0.78 to 1.01 GHz for the lower band and 45.7% ranging from 1.69 to 2.69 GHz for the upper band. Both of them cover the frequency bands of 2G/3G/LTE systems. In addition, for port 1, the measured gain varies between 7.2 dBi and 7.9 dBi in the lower band, while the measured antenna gain varies International Journal of Antennas and Propagation between 8.4 dBi and 10.6 dBi in the upper band. For port 2, the measured gain varies between 7.1 dBi and 8.5 dBi in the lower band, while the measured antenna gain varies between 8.4 dBi and 10.5 dBi in the upper band. In other words, for the proposed antenna, the gain range is 7.8 ± 0.7 dBi at the lower frequency band, while the gain range is 9.5 ± 1.1 dBi at the upper frequency band. Hence, the gains are relatively stable and high enough for 2G/3G/LTE communication systems.
SWR and Gain.
Radiation Patterns.
The simulated and measured radiation patterns of port 1 and port 2 at frequencies of 0.9 GHz, 1.8 GHz, and 2.6 GHz are shown in Figure 12 , respectively. Detailed radiation characteristics of the proposed antenna are summarized in Table 2 . Good agreement is achieved. The antenna displays excellent unidirectional radiation patterns.
Over the operating frequency range, nearly symmetric and equal radiation patterns in the -and -planes are achieved. In addition, the measured cross-polarization levels in -and -planes are generally below −24 dB, while the front-toback ratios are larger than 16 dB across the whole frequency bandwidth. Since the simulated cross-polarized radiation levels of port 1 and port 2 at 1.8 GHz are lower than −40 dB, they cannot be shown in the graphs. Moreover, the radiation patterns of port 1 and port 2 are nearly the same and thus the proposed dual-polarization antenna is suitable for transmitting ideal differential signals.
Conclusion
A novel differentially driven dual-wideband double-layer complementary unidirectional antenna with a biorthogonal feeding structure for 2G/3G/LTE applications is proposed. The design has been verified through measurements on a prototype antenna. The results show good performance in terms of wide bandwidth and stable gain, which are 25.7% (0.78-1.01 GHz) and 7.8 ± 0.7 dBi for the lower band, 45.7% (1.69-2.69 GHz) and 9.5 ± 1.1 dBi for the upper band. Low cross-polarization, high front-to-back ratio, and nearly symmetrical -and -plane patterns are achieved in both simulated and measured results. Moreover, input isolation exceeding 30 dB has been obtained between the two ports across the wide bandwidth. Last but not least, compared with the existing ME dipole antennas, the proposed antenna which is completely made of copper patches without dielectric loading can be easily fabricated at relatively low cost. All these features make the proposed antenna quite suitable for 2G/3G/LTE systems. Simulated cross-pol (E-plane : XOZ-plane) (l) Port 2 at 2.6 GHz (measured) Figure 12 : Simulated and measured radiation patterns of port 1 and port 2 at 0.9 GHz, 1.8 GHz, and 2.6 GHz.
